We experimentally demonstrate strong coupling between the ferromagnetic magnons in a small yttrium-iron-garnet (YIG) sphere and the drive-field-induced dressed states of a superconducting qubit, which gives rise to the double dressing of the superconducting qubit. The YIG sphere and the superconducting qubit are embedded in a microwave cavity and the effective coupling between them is mediated by the virtual cavity photons. The theoretical results fit the experimental observations well in a wide region of the drive-field power resonantly applied to the superconducting qubit and reveal that the driven qubit-magnon hybrid quantum system can be harnessed to emulate a particlehole-symmetric pair coupled to a bosonic mode. This hybrid quantum system offers a novel platform for quantum simulation of the composite quasi-particles consisting of fermions and bosons.
By exploiting the advantages of different components, hybrid quantum systems can provide outstanding architectures for quantum information processing (see, e.g., Refs. [1] [2] [3] [4] ). Recently, a qubit-magnon hybrid quantum system was implemented by strongly coupling both a superconducting qubit and the Kittel mode of magnons in a small yttrium-iron-garnet (YIG) sphere to a threedimensional (3D) microwave cavity [5, 6] , where an effective appreciable qubit-magnon coupling was achieved by exchanging virtual cavity photons between the qubit and magnons. For the Kittel mode in the YIG sphere, the magnons are collective excitations of spins with zero wave number (i.e., in the long-wavelength limit) where all exchange-coupled spins in the sample precess uniformly [7] . When hybridized with microwave cavity photons [8, 9] , optical photons [10] , and phonons [11] , these magnons can provide a platform to implement various novel phenomena and applications [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , including magnon gradient memory [27, 28] , cavity spintronics [16, 29] , quantum transducer [30] [31] [32] [33] , parity-time symmetry [34] , bistability of cavity magnon-polaritons [35, 36] , and the generations of magnon-photon-phonon entanglement [37] and squeezed magnon-phonon states [38] . Moreover, ultrstrong-coupling regime between magnons and cavity photons have also be shown to be implementable [15, 39, 40] , in addition to the strong couplings [12] [13] [14] [15] [16] [17] .
The superconducting qubit as a quantum information processing unit can be used as the core of a solidstate hybrid quantum system [1, 2] . Coherent dressing of the qubit can provide access to a new quantum system with improved properties (e.g., longer coherence times [41, 42] ) and offer various applications in quantum information (see, e.g., Refs. [43] [44] [45] ). Quantum mechanically, magnons behave similar to other bosons, so their strong coupling to the superconducting qubit can yield a coherent dressing of the qubit, as analogous to the dressing of a two-level system via photons [46] .
In this Letter, we study a driven qubit-magnon hybrid quantum system consisting of a 3D transmon qubit and a small YIG sphere embedded in a rectangular 3D microwave cavity. When driven in resonance by a monochromatic microwave field, the transmon qubit is dressed by the microwave field. Owing to the qubitmagnon coupling mediated by the virtual cavity photons, the 3D transmon qubit is further dressed by the magnons. From the dispersive readout results, we clearly show these newly-formed doubly dressed states of the superconducting qubit by demonstrating their frequency splittings versus the drive power. The theoretical results fit the experimental observations well in a wide region of the drive power and reveal that this driven qubit-magnon hybrid system can be harnessed to emulate a particle-holesymmetric pair coupled to a bosonic mode. These doubly dressed states behave like composite quasi-particles consisting of fermions and bosons and can be more fermionlike or not, depending on the portion of magnons in the hybridized normal modes. Our work opens a new avenue to quantum simulation of the fermion-boson composite quasi-particles with a hybrid quantum system. oxygen-free copper, respectively. The cavity is placed in a BlueFors LD-400 dilution refrigerator at a base cryogenic temperature of ∼ 20 mK. At such a low temperature, the aluminum is superconducting and becomes diamagnetic. The 3D transmon qubit [47, 48] mounted in the superconducting aluminum part of the cavity can be protected from the magnetic field generated by the outside superconducting magnet. In this superconducting qubit, two aluminum pads are attached to the small Josephson junction, which, together with the cavity, provide a large shunt capacitor to suppress the charge noise in the qubit, as in the capacitively-shunted flux qubit [49, 50] , 2D transmon [51] , and Xmon [52] . A small YIG sphere of diameter 1 mm is placed in the copper part of the cavity which is not superconducting at the base temperature of the dilution refrigerator. The static magnetic field produced by the outside superconducting magnet can go into the copper part of the cavity to adjust the frequency of the Kittel mode in the YIG sphere. The static magnetic field is aligned along the hard magnetization axis [100] of the YIG sphere and both the 3D transmon qubit and the Kittel mode are strongly coupled to the cavity mode TE 102 . The frequency of this cavity mode TE 102 , which is measured to be ω c /2π ≈ 6.99 GHz, is designed to have a large detuning from the transition frequency of the 3D transmon qubit. When the Kittel mode is tuned to be nearly resonant with the qubit by the static magnetic field (i.e., the cavity mode TE 102 is also largely detuned from the Kittel mode), an effective qubit-magnon coupling can be achieved via the exchange of virtual cavity photons between the qubit and magnons [5, 6] . Before exhibiting the coupling between the 3D transmon qubit and the Kittel mode of magnons, we first measure the coupling between the Kittel mode and the cavity mode TE 102 by tuning the frequency of the Kittel mode in resonance with this cavity mode. Owing to the strong coupling between them, two branch of magnon polaritons occur around the anticrossing point [ Fig. 1(b) ], with a level splitting ∼ 86 MHz at the anticrossing point. The transition frequency between ground state |g and first excited state |e of the 3D transmon qubit is measured to be ω q /2π ≈ 6.49 GHz. Because the qubit is now largely detuned from both the Kittel mode and the cavity mode TE 102 , its effect on the magnon polaritons can be neglected at around the anticrossing point. Therefore, from the measured level splitting at the anticrossing point, the coupling strength between the Kittel mode and the cavity mode TE 102 can be obtained as g m ≈ 43.0 MHz.
To achieve an effective coupling between the qubit and the Kittel mode, we then tune the frequency ω m of the Kittel mode to be near the transition frequency ω q of the qubit. Now, the cavity mode TE 102 is largely detuned from both the qubit and the Kittel mode, and an effective qubit-magnon coupling can be achieved via the virtual photons of the cavity mode TE 102 [5, 6] . At the cryogenic temperature T ∼ 20 mK, k B T ω q , ω m , so both the qubit and the Kittel mode stay nearly in their ground states |g and |0 , respectively, and a transition from |e to |g induces a transition from the vacuum to single-magnon states (i.e., from |0 to |1 ). As in Ref. [5] , the spectroscopic measurement is carried out with a vector network analyzer (VNA) by probing the transmission of the cavity mode TE 103 . During measurement, the probe field is applied at the resonant frequency of the cavity mode TE 103 . Largely detuned from the cavity mode, the qubit is usually in the ground state. When the qubit is excited, the cavity mode has an observable frequency shift in this dispersive regime and the probed field transmission thereby changes. Also, a series of attenuators and isolators are used to prevent thermal noise from reaching the sample and the signal going out from the output port of the cavity is amplified by two low-noise amplifiers at the stages of 4K and room temperature, respectively. Moreover, two microwave fields from different sources are applied to the input port of the cavity. One is used as an excitation field and tuned to excite the hybridized normal modes of the system, and the other has a fixed frequency near or in resonance with the 3D transmon qubit and is harnessed to drive the qubit via the large capacitor shunted to the Josephson junction.
In Fig. 2(a) , we show the energy levels of the qubitmagon hybrid quantum system at the cryogenic temperature when the drive field on the qubit is turned off. The interaction between |g, 1 and |e, 0 gives rise to the vacuum Rabi splitting Ω 0 . Owing to the exchange of virtual cavity photons between the qubit and the Kittel mode, the effective qubit-magnon coupling is [53] 
is the frequency detuning of the cavity mode TE 102 from the qubit (Kittel mode). The effective Hamiltonian of the coupled qubit-magnon system is given by (we set = 1)
where σ z and σ ± are Pauli operators of the qubit and b † (b) is the creation (annihilation) operator of the magnons. When the Kittel mode is tuned to be in resonance with the 3D transmon qubit, g qm is reduced to [5] g qm = g q g m /∆, with ∆ q = ∆ m = ∆. The coupling between the qubit and the Kittel mode is measured in Fig. 2(b) by tuning the static magnetic field and scanning the frequency of the excitation field. From the vacuum Rabi splitting measured at the anticrossing point (Ω 0 = 2g qm ), we obtain g qm /2π ≈ 20.1 MHz. Comparing the linewidth of the mode at around 230 and 237 mT, we see that the linewidth becomes broader at a stronger magnetic field, indicating that some static magnetic field penetrates into the cavity to affect the quantum coherence of the qubit. Actually, in our experiment, the static magnetic field was already designed to be parallel to the chip surface of the qubit, so as to reduce its influence on the qubit as much as possible. With the measured ∆ ≈ 0.5 GHz, g m ≈ 42.0 MHz and g qm /2π ≈ 20.1 MHz, we can deduce using g qm = g q g m /∆ that g q ≈ 239 MHz, which reveals that the interaction between the qubit and the cavity mode TE 102 is in the strong-coupling regime. When turning on the monochromatic drive field of frequency ω d appied to the 3D transmon qubit, the Hamiltonian of the driven qubit-magnon hybrid system is written as
where Ω d represents the coupling strength between the drive field and the qubit. In the rotating frame with respect to the drive frequency ω d , the Hamiltonian of this driven qubitmagnon system becomes H =
is the frequency detuning between the qubit (magnon) and the drive field. The qubit is now dressed by a classical drive field and the corresponding Rabi frequency is
Due to the coupling between the qubit and magnons, the qubit is then further dressed by the magnons. Therefore, the driven qubit-magnon hybrid system can be described as a doubly dressed qubit. Below we focus on the resonant case with δ q = δ m = 0. The Hamiltonian H becomes
Even for this simple model, one cannot exactly solve it, because the model of a double dressed qubit is not exactly solvable [54] . With the new basis states |± = (|g ± |e )/ √ 2 and the mean-field approximation, the Hamiltonian (2) can be reduced to [53] 
where a = h † ≡ |− +|, andg qm = 1 2 g qm (A + 1), with A = a . Because {a, a † } = 1 and {a, a} = {a † , a † } = 0, these newly-defined operators are fermionic. Here H h has the same form as H p , but its two parameters Ω d andg qm change the signs. This means that the Hamiltonian H = H p + H h has the particle-hole symmetry. Thus, we can use the driven qubit-magnon hybrid system to emulate a particle-hole-symmetric pair of fermions coupled to a bosonic mode.
The two eigenvalues of the Hamiltonian H p (denoted as ω 4 and ω 2 ) are
where N is the number of magnons excited. The eigenstates correspond to the particlemagnon composite quasi-particle states. The two eigenvalues of H h (denoted as ω 1 and ω 3 ) are λ ± = −λ ± , and the eigenstates correspond to the hole-magnon composite quasi-particle states. By tuning Ω d , these hybridized normal modes can be more fermion-like or not, depending on the portion of magnons in these modes. The frequency splitting between modes 4 and 1 and the frequency splitting between modes 3 and 2 are
In Fig. 3 , we display the transmission spectrum of the driven hybrid system measured in the resonant case of δ q = δ m = 0 by successive increasing the power P d of the drive field. The spectrum exhibits a clear mirror symmetry owing to the particle-hole symmetry in the Hamiltonian. When increasing P d , two absorption dips are split into four, with the outer two dips (labelled as 1 and 4) departing away. Accordingly, the inner two dips (labelled as 2 and 3) gradually approach and then merge together. The Rabi frequency Ω d is proportional to the drive-field amplitude ε, so Ω d ∝ √ P d . From Eq. (4) it follows that ω 4 − ω 1 increases and ω 3 − ω 2 decreases when increasing P d . In particular, for a sufficiently strong drive field with Ω d 4g qm √ N + 1, ω 3 − ω 2 → 0. These behaviors agree with the observations in Fig. 3 . with the data extracted from Fig. 3 . Fitting these data, we use Eq. (4), where Ω d = k √ P d andg qm is replaced by g qm . With N = 0, we obtain the only fitting parameter k = 103 MHz/mW 1/2 . Here the attenuation of the drive field from the microwave source to the input port of the cavity is 45 dB. In the region of a weaker drive field, the numerical results with N = 0 agree well with the experimental results. This reveals that for a weaker drive field, the Kittel mode still stays nearly in the ground state and the drive field does not appreciably affect it. However, when the drive field becomes strong, the numerical results with N = 0 deviate from the experimental observations, i.e., smaller (larger) than the data for ω 4 − ω 1 (ω 3 − ω 2 ). This is what we expect because more magnons may be excited when the drive field is strengthened to raise the temperature in the cavity.
In conclusion, we have convincingly demonstrated strong coupling between the Kittel-mode magnons in a small YIG sphere and the drive-field-induced dressed states of a 3D transmon qubit. The coupling between the magnons and the dressed states of the superconducting qubit is mediated by the virtual cavity photons. The theoretical results fit the experimental observations well in a wide region of the drive power of the microwave field resonantly applied to the transmon qubit. Our work opens up new possibilities to manipulate a hybrid quantum system composed of several degrees of freedom and paves the way to quantum simulation of composite quasi-particles consisting of fermions and bosons.
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